INTRODUCTION
The damaging effects of sewage effluent discharge on marine macroalgal assemblages are well documented. They include a decrease in species biomass, abundance and diversity, all of which ultimately contribute to a change in the structure of the macroalgal assemblage (Borowitzka 1972 , Littler & Murray 1975 , Manning 1979 , Munda 1982 , May 1985 , Tewari & Joshi 1988 , Brown et al. 1990 , Roderíquez-Prieto & Polo 1996 , Smith 1996 , Bellgrove et al. 1997 . Large brown macroalgae, which are very visible and often dominant intertidal seaweeds, are generally susceptible to the damaging effects of sewage effluent and disappear from effluent-affected sites (Golubic 1970 , Borowitzka 1972 , Littler & Murray 1975 , Manning 1975 , Munda 1982 , Thom 1983 , May 1985 , Tewari & Joshi 1988 , Brown et al. 1990 , Bellgrove et al. 1997 ). Laboratory and fieldbased studies have also shown that the early life stages of large brown algae are similarly susceptible to sewage effluent (Tewari & Rau 1982 , Ogawa 1984 , Doblin & Clayton 1995 , Tegner et al. 1995 , Kevekordes & Clayton 2000 leading to their increasing use, in recent times, as ecologically relevant bioassay systems in either toxicity studies (Anderson & Hunt 1988 , Anderson et al. 1990 , Burridge & Shir 1995 , 1996 , Gunthorpe et al. 1995 , Bidwell et al. 1998 or in studies assessing the effects of pollutants (Burrows & Pybus 1971 , Hopkin & Kain 1978 , Chung & Brinkhuis 1986 , Andersson et al. 1992 , Garman et al. 1994a ,b, Andersson & Kautsky 1996 , Gledhill et al. 1997 , Kevekordes & Clayton 2000 . The continued use of macroalgae in toxicity studies will add to and complement toxicity studies, which are commonly based on marine animal bioassays (e.g. Table 1 in US EPA report 1989, Table 1 in Costello & Read 1994) .
Industrial and domestic wastewater from east and south-eastern Melbourne (Victoria, Australia) is secondary treated at the Eastern Treatment Plant (ETP) at Carrum, chlorinated, conveyed along a 56 km pipeline and, to ensure rapid mixing in seawater, discharged below the low water mark (1 m) in the surf zone at Boags Rocks. Hormosira banksii (Turner) Decaisne is a southern Australasian endemic intertidal macroalga often forming extensive stands on rocky platforms. Its disappearance from Boags Rocks was documented when the outfall commenced operation in 1975 by Manning (1979) and confirmed in subsequent intertidal macroalgal surveys (Brown et al. 1990 , Bellgrove et al. 1997 . Recent studies (Doblin & Clayton 1995 , Kevekordes 2000 have shown that developing H. banksii embryos are also susceptible to sewage effluent at the median concentration occurring at Boags Rocks (40%) and that damage is evident in zygotes 24 h or older (Kevekordes 2000) . These studies have also identified an ecologically relevant bioassay system where development occurs as a series of welldefined events that are easily quantified (Kevekordes & Clayton 1996) and therefore able to be used as endpoints in toxicity studies.
The aims of this current study are to assess the toxicity of sewage effluent, identify toxic components of sewage effluent and compare the effects of whole effluent with any identified toxicants in the effluent using developing Hormosira banksii embryos. Three developmental events were used as endpoints: fertilization (1 to 2 h), germination (48 h) and cell division (72 h).
MATERIALS AND METHODS
Preparation of sewage effluent and seawater treatments. Artificial seawater (ASW, modified from Maier & Calenberg 1994) was used for all experiments to avoid bacterial contamination, variability in seawater constituents, and the occurrence of endochites (Kevekordes & Clayton 1996) . ASW was made from analytical reagent (AR) grade chemicals dissolved in Milli-Q filtered water, adjusted to 34 parts per thousand salinity (‰ S) and a pH of 7.8 to allow comparisons with other related toxicity studies (Stauber et al. 1998) .
A sample of effluent was collected in acid-washed plastic containers from the effluent reuse sample point at the ETP on 11 June, 22 September and 5 November 1997. Physico-chemical analysis of the effluent was undertaken before and immediately after salinity adjustments (34 ‰ using artificial-modified GP-2 sea salts) and, if required, pH adjustments (7.8 with NaOH). Effluent was stored and transported at 4°C and used in toxicity tests within 72 h of collection (Stauber et al. 1998) . Effluent was allowed to warm to 15 to 18°C just prior to use in toxicity tests.
All chemicals used as toxicants in the bioassays were AR grade (Table 1) and were added to ASW the evening before use. NaOCl was taken from a new container. Median (90th percentile) values of effluent components in the ETP 1995/1996 monitoring report, ETP 1994/Environmental Protection Agency (EPA) report for bis (2-ethylhexyl) phthalate, and the mean value for nitrate in effluent (September 1995 to May 1998, ETP data) prior to discharge, were used to calculate approximate concentrations for Boags Rocks assuming effluent is diluted to 40% (Doblin & Clayton 1995) and is evenly mixed with seawater after discharge (Table 1 ). Effluent components were tested in a logarithmic concentration series. Two toxicants tested, the anionic surfactant sodium dodecyl benzene sulphonate, and the plasticizer bis (2-ethylhexyl) phthalate, were first dissolved in ethanol and added to ASW in a final ethanol concentration of 50 µl l -1 and 0.7 ml l -1 respectively. Controls testing the addition of ethanol (without the toxicant) to ASW were not significantly different from the ASW controls. All ASW treatments were stored overnight at 4°C in the dark and warmed to 15 to 18°C just prior to use.
Copper (0.5 mg l -1 ) and phenol (200 mg l -1 ) were used as positive controls (Chapman 1995) for whole effluent toxicity studies and for studies testing the toxicity of individual effluent components respectively.
Collection, storage and gamete release. Hormosira banksii plants were collected from Sorrento, backbeach (38°21' S, 144°43' E) located approximately 15 km north west of Boags Rocks. Sorrento backbeach is not affected by the effluent plume, which is dispersed south east of the outfall due to the dominant current. Plants were collected from 3 different sites for whole effluent toxicity testing in June, September, and November and from 5 different sites for studies identifying toxic components of effluent, and stored at 4°C in airtight plastic bags until use. Eggs were released from 6 female plants into 1 container of ASW to ensure a common gene pool for all treatments in the experiment. The suspension of eggs was filtered through a nylon mesh (0.2 mm) to remove debris and small animals (Kevekordes & Clayton 1996) . Sperm were released from 5 plants into 1 container of ASW, again to ensure a common gene pool for all treatments in the experiment.
Bioassay. The egg pretreatment bioassay (Kevekordes 2000) was used to assess toxicity of whole effluent and of individual effluent components. The bioassay was designed to mimic as closely as possible fertilization of Hormosira banksii eggs in the intertidal environment and avoids spurious results caused by storage of gametes, polyspermy due to a high sperm/ egg ratio (Brawley 1990) and parthenogenetic development of eggs ). Eggs were decanted into treatments (2000 eggs ml ) and allowed to incubate for 20 min prior to fertilization. Sperm were added to each treatment containing eggs (ca 100 sperm egg -1 ) within 5 min of release to ensure maximum fertilization success. Treatments were gently swirled 6 to 7 min after gamete mixing, to ensure even mixing of newly fertilized/unfertilized eggs before 10 ml aliquots were decanted into petri dishes each containing a coverslip (used for microscope observations). Embryos were grown under Sylvania Gro-lux wide spectrum fluorescent tubes (40 W) with a photon irradiance of 25 µmol m -2 s -1 on a 12:12 h light:dark cycle at 15°C (Kevekordes & Clayton 1996) .
The following developmental features were assessed microscopically in healthy individuals: (1) cell wall formation (fertilization) at 1 to 2 h, (2) germination at 48 h and, (3) cell division at 72 h after gamete mixing. Once observations were made, the coverslip was discarded and a new petri dish used to assess the next developmental feature (Kevekordes & Clayton 1996) . The presence of a cell wall was detected with the fluorochrome, calcofluor white (Hughes & McCully 1975) . This fluorochrome was also used 1 to 2 h after gamete mixing in all bioassays, to indicate fertilization success (Brawley & Bell 1987) as cell wall components are secreted soon after fertilization (Quatrano & Stevens 1976) . Experiments were aborted if fertilization success was less than 95% in the control treatment.
For each developmental stage, counts of 300 individuals/treatment for whole effluent toxicity testing and 100 individuals/treatment for testing the toxicity of effluent components were made. There were 3 replicate experiments for whole effluent toxicity testing and 5 replicate experiments for toxicity testing of individual components of effluent.
Statistical analysis. for a concentration of an effluent component, within or very near the calculated concentration range for Boags Rocks (using 90th percentile values to help indicate the range) were statistically significant from the control in any of the bioassay endpoints then data was further analyzed using Toxstat and Spearman software.
The concentration of toxicant/effluent causing an effect on 50% of the population tested (EC 50 ) was determined using the trimmed Spearman-Karber method (Hamilton et al. 1983 ) and the 'No Observed Effect Concentration' (NOEC) values were determined using Dunnett's test (µ = 0.05) (Zar 1984) . Percentage data was arcsin √ transformed and tested for normality and homogeneity of variance before NOEC values were determined. Untransformed data is presented in Fig. 1 and Table 2 .
RESULTS
Within the concentration range tested, ammonium had a significant effect on 2 of the 3 developmental events (germination and cell division) assessed in Hormosira banksii but had no effect on fertilization (as determined by cell wall formation) (Table 2, Fig. 1 ). There was a similar trend with the effects of whole effluent (salinity adjusted) on the development of H. banksii embryos. Whole effluent did not affect fertilization but significantly affected subsequent embryo development (Table 2, Fig. 1 ). The lowest observable effect concentration (LOEC) for ammonium was 1.62 mg N l -1 for germination and 3.25 mg N l -1 for cell division and these concentrations were very similar to LOEC values determined for ammonium in whole effluent sampled in June, September and November 1997, which ranged from 1.72 to 2.97 mg N l -1 for germination and 2.00 to 3.43 mg N l -1 for cell division (Table 2) .
Mean EC 50 values for whole effluent sampled in June, September and November 1997 ranged from 19.23 to 21.75% for germination and 21.90 to 23.37% for cell division (Table 2 ). Mean EC 50 values for the 3 whole effluent samples, when expressed as an ammonium concentration (mg N l -1 ), were similar to EC 50 values based on bioassays testing only ammonium. Mean EC 50 values for the ammonium bioassays were 3.19 mg N l -1 for germination and 6.14 mg N l -1 for cell division (Table 2 ) compared with the range of mean EC 50 values of 3.15 to 5.28 mg N l -1 for germination and 3.53 to 6.43 mg N l -1 for cell division from the 3 effluent samples (Table 2) .
Variability for successful fertilization, germination and cell division in the ASW control treatments in the bioassays were low, e.g. the coefficient of variance (standard deviation as % of mean: CV) were < 3.20% . Symbols on the x-axis, corresponding to those used to plot each treatment, represent the calculated nitrogen concentration at Boags Rocks after discharge assuming a 40% dilution and even mixing in seawater for ammonium, whole effluent (as ammonium) and nitrate. Means ± standard errors for the ammonium bioassays and < 2.00% for the whole effluent bioassays. The CV around the mean EC 50 value for ammonium and for whole effluent testing, using either germination or cell division as endpoints, were less than 30% indicating that the bioassay results are consistent when compared with limits set using known toxicants for reference testing (Gunthorpe et al. 1995 and references within). One hour after fertilization, over 95% of zygotes in treatments containing either ammonium (26 mg N l -1 ) or whole effluent (salinity adjusted) appeared healthy, had synthesized a cell wall (feature used to assess fertilization) and showed central clustering of chloroplasts (Kevekordes & Clayton 1996) (Fig. 2) . By 48 h, however, the majority of zygotes in the ammonium and effluent treatments had not germinated and some zygotes were leaking cell contents (Fig. 2) . Zygotes that did germinate in these treatments were stunted compared with germinated zygotes in the control (Fig. 2) .
Elevated levels of nitrogen in the form of nitrate, which were comparable to levels tested in the form of ammonium and to levels measured in the effluent samples, had no effect on any of the 3 developmental events assessed in Hormosira banksii embryos (Table 1, Fig. 1 ).
Of the other effluent components tested the 2 anionic surfactants, sodium lauryl sulphate and sodium dodecyl benzene sulphonate and the solvent, toluene had a significant effect on one or more endpoints assessed (fertilization, germination, cell division) within the concentration range tested. However, the concentration that had a significant effect on any of the developmental events assessed exceeded the 90th percentile concentration value calculated for Boags Rocks (Table 1) . ) and whole effluent (%). As ammonium levels were measured in effluent used in toxicity studies (Stauber et al. 1998) 
DISCUSSION
Effluent concentrations that significantly affected post-fertilization embryo development in Hormosira banksii (6.25 to 12.5%) and average EC 50 values (19.23 to 23.37%) for these developmental events are well below the average effluent concentration at Boags Rocks (40%) (Doblin & Clayton 1995) . Based on this, successful recruitment of H. banksii at Boags Rocks would have been reduced by the damaging effects of effluent discharge on embryo development, as proposed by Doblin & Clayton (1995) , and subsequently supported in seeding experiments (Kevekordes unpubl. data) . This effect would have been further compounded by the rapid disappearance of adult (fertile) H. banksii from Boags Rocks as documented by Manning (1979) and the small dispersal shadow of zygotes reported for this species (Bellgrove et al. 1997 ). Recruitment may have been similarly affected in Durvillaea potatorum (Labillardière) Areschoug, which has also disappeared from Boags Rocks (Manning 1979 , Brown et al. 1990 , as embryo development is similarly susceptible to the damaging effects of sewage effluent (Doblin & Clayton 1995) .
Of the sewage effluent components tested, ammonium appears to have the most damaging effect on the development of Hormosira banksii embryos confirming findings from an earlier study (Kevekordes & Clayton 2000) . The impact of ammonium showed a similar trend to that of whole effluent (salinity adjusted) on the development of H. banksii embryos with no effect on fertilization but significant effects on subsequent developmental events. The similarity between the ammonium and whole effluent effects on H. banksii embryo development is further confirmed with comparable EC 50 and LOEC values (expressed as mg N l -1 ammonium) for germination and cell division. Furthermore, the impact of both ammonium and whole effluent on developing H. banksii embryos largely occurs by 48 h when germination is assessed with comparatively small changes occurring between 48 and 72 h after which time cell division is assessed (Kevekordes & Clayton 2000) . This is useful for confirming EC 50 values derived using either endpoint. Germination, however, appears to be more susceptible than cell division to ammonium and to whole effluent particularly at low concentrations, which would account for differences in NOEC and LOEC values. Ammonium is an important source of nitrogen for algae (Topinka 1978 , Fujita et al. 1988 and is rapidly taken up (Haines & Wheeler 1978 , Fujita et al. 1988 because it provides an energetic advantage over the uptake and assimilation of nitrate (Turpin 1991) , a more abundant source of nitrogen in coastal waters (Fujita et al. 1988) . Transport of ammonium across the plasma membrane is either by active uptake of ammonium or passive diffusion of ammonia (Syrett 1988 , Rees 1995 . Uptake in nitrogen-replete algae is mostly by diffusion (Rees 1995 , Taylor et al. 1998 , which also occurs in some algae when subjected to high levels of ammonium in the external medium (D'elia & DeBoer 1978 , Haines & Wheeler 1978 , Fujita 1985 . Elevated levels of ammonium are reported to be toxic to algae (Waite & Mitchell 1972 , Prince 1974 , Haines & Wheeler 1978 , Peckol & Rivers 1995 , which is attributed to an uncoupling of photosynthesis (Pearson & Stewart 1993 , MacLachlin et al. 1994 by inhibiting the electron transport chain (MacLachlin et al. 1994 ). In addition, enzyme and membrane function may be jeopardized due to the inability of the cell to buffer protons released from ammonium assimilation (Pearson & Stewart 1993 , van Katwijk et al. 1997 . Ammonium has been identified as a toxicant in sewage effluent (e.g. Prince 1974 , Costello & Gamble 1992 , Peckol & Rivers 1995 and was found to have an inhibitory effect on germling development in several species of another fucoid, Sargassum (Ogawa 1984 ) similar to that described in this present study for Hormosira banksii. It should be noted that seawater pH at Boags Rocks has decreased (7.63 ± 0.05) due to effluent discharge and therefore would not contribute to the toxic effects of elevated ammonium levels as the proportion of unionized ammonia (the more toxic form that is taken up by passive diffusion) would also decrease (Syrett 1988 , US EPA report 1989 , MacLachlan et al. 1994 , van Katwijk et al. 1997 .
In a previous study, the median concentrations for a number of heavy metals, calculated for Boags Rocks, were found not to affect development of Hormosira banksii embryos that were assessed for up to seven days (Kevekordes & Clayton 2000) . Copper, used as a reference toxicant in whole effluent testing at a concentration of 0.5 mg l -1 , also had no effect on developing H. banksii embryos. This concentration greatly exceeded the copper concentration range in effluent, prior to discharge. Tolerance of heavy metals such as copper may well be due to the ongoing synthesis and secretion of the cell wall components, alginate, sulfated polysaccharides and phenolic compounds, associated with brown algal embryo development (Quatrano & Stevens 1976 , Clayton & Ashburner 1994 , which have an affinity for cations (Skipnes et al. 1975 , Paskins-Hurlburt et al. 1978 , Ragan et al. 1979 , Pellegrini 1980 , Lignell et al. 1982 , Mariani et al. 1985 , Smith et al. 1986 , Karez & Pereira 1995 , Amado Filho et al. 1996 , Gledhill et al. 1997 . Susceptibility to the toxic effects of heavy metals, however, may be enhanced in developing H. banksii embryos, which are stressed due to exposure to other effluent components such as elevated levels of ammonium and to the impact of effluent discharge such as reduced salinity (Andersson & Kautsky 1996) .
While these studies have shown that ammonium is a toxic component of effluent eliciting a similar response to that of whole effluent on Hormosira banksii embryo development, these results should be treated with caution given that this is a simple laboratory-based approach. These toxicity tests, for example, do not take into account the fact that sewage effluent discharge reduces salinity to an average of 20 ‰ at Boags Rocks (Doblin & Clayton 1995) nor do they factor in salinity variation (12.5 to 28.8 ‰) measured at this site (Kevekordes 2000). Osmotic-stress induced damage, caused by a reduction in salinity to 20 ‰, in developing H. banksii embryos occurs largely within the first 48 h and significantly affects fertilization, germination, cell division and adhesion (Doblin & Clayton 1995 , Kevekordes 2000 , Kevekordes & Clayton 2000 . This study also does not take into account susceptibility of stressed embryos, due to either low salinity and/or elevated levels of ammonium to other components in effluent, which individually were found to be non-toxic in unstressed embryos. Osmotically stressed embryos for example, were found to be more susceptible to toxic effects of 40% effluent (Doblin & Clayton 1995 , Kevekordes 2000 and to the toxic effects of ammonium elevated to the median concentration calculated for Boags Rocks (Kevekordes & Clayton 2000) . Stressed embryos would probably also be more susceptible to high concentration pulses of toxicants such as toluene and anionic surfactants in sewage effluent, which when tested individually, were found to have a significant effect on H. banksii embryos development just beyond the concentration range calculated for Boags Rocks. Similarly, these toxicity studies do not indicate susceptibility of embryos, stressed through exposure to effluent, to pressures associated with the intertidal environment such as grazing and wave activity (Kevekordes unpubl. data) . Furthermore, effluent composition is both variable (Stauber et al. 1998 ) and complicated with individual components acting synergistically to either enhance or reduce the toxic effect of a single effluent component through interactions between other effluent components and seawater con-stituents (Hopkin & Kain 1978 , Strömgren 1980 , Garman et al. 1994a ,b, Munda & Veber 1996 , Gledhill et al. 1997 , Haglund 1997 . Finally, this study is based on one part of a life cycle of one species, albeit an ecologically relevant species as it has disappeared from Boags Rock in response to effluent discharge (Manning 1979) . Susceptibility to toxicants in sewage effluent will, however, vary not only among species but may well vary during the life of a species (Chapman 1995) .
Ideally, this study should be part of a larger study using bioassays from a range of organisms preferably from taxa occurring in the disturbed region that have been identified as being susceptible to effluent discharge (Manning 1979 , Brown et al. 1990 . This approach would yield a more detailed toxicity assessment of sewage effluent and may also give insights into the changing ecology of the affected coastline.
